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Abstract 
 
Ground-improvement techniques by deep soil vibration have been broadly used in port facilities, 
aiming to create stable platforms with suitable characteristics for container storage and equipment 
operation. The Lomé Container Terminal is a deep water port located on the western African coastline. 
Upper frictional soils were found to be inadequate to receive the design imposed loads and therefore 
vibrocompaction works were carried out to improve soil characteristics. Preliminary field tests, mainly 
supported by CPT tests, were undertaken to check the feasibility of the preconized ground 
improvement solution and determine the adequate vibrocompaction execution parameters. The paper 
describes the design criteria adopted for the vibrocompaction works according to the preliminary field 
test results undertaken at the site. 
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1 Introduction 
 
The Lomé Container Terminal is located at the city’s shoreline and it extends perpendicularly out 
into the sea, next to the existing port. It comprises a facility area of 800,000 m2, mainly used for 
maritime container storage and buildings.  
                                                          
* Corresponding Author. 
Procedia Engineering
Volume 143, 2016, Pages 1451–1459
Advances in Transportation Geotechnics 3 . The 3rd
International Conference on Transportation Geotechnics
(ICTG 2016)
Selection and peer-review under responsibility of the Scientiﬁc Programme Committee of ICTG 2016
c© The Authors. Published by Elsevier B.V.
1451
  
The proposed port platform required the placement of up to 3.50m thickness of fill material to 
form a base for the concrete pavement slab. At service conditions, the pavement loading over the 
container storage area was estimated to be 70kPa and the live load over road, building and parking 
areas corresponded to 35kPa. 
Although criteria of acceptable settlements on the upper frictional soil layers were not specifically 
defined, the design required that a minimum relative density of ID=70% was to be achieved in all the 
upper frictional soil layers, described in the soil reports as “medium dense to loose” sands. In order to 
achieve this, the solution relied on vibrocompaction; a process in which the soil density is enhanced by 
the vibrations produced by high energy vibroflots, specifically constructed for the purpose.  
The densification of the granular soils will also result in an increase in the soil internal friction 
angle, consequently reducing the magnitude of the horizontal earth pressure imposed on the 1000m 
long quay wall. The quay wall comprises a 1.2m thick diaphragm wall, founded at a depth of 29m. 
2 Geological and Geotechnical Constraints 
The geological and geotechnical characteristics of the site were mainly assessed using the 
information obtained from the ground investigation comprising 81 boreholes (with standard 
penetration tests - SPT) and 85 cone penetration tests (CPT). Figures 1 and 2 show plots of the overall 
data from the SPT’s and CPT’s performed on the site. 
 
 
Complementary disturbed and undisturbed soil samples were laboratory tested for lithological 
classification purposes and to determine soil specific weight. Soil strength parameters and stiffness 
characteristics were assessed from 23 consolidated drained triaxial tests and 13 oedometer tests, 
respectively. 
Particle size distribution was assessed using both sieve analysis (54 tests) and hydrometer (123 tests). 
These showed that the bulk of the upper frictional soils comprise fine to medium sands, with a fines 
content of typically less than 10%. None of the material tested was found to be coarser than fine gravel 
(6mm).  It is noted that, while drilling, medium and coarse gravel was encounter on occasions. 
Using the geological and geotechnical data obtained, it was possible to establish the soil stratigraphy 
with depth and corresponding geotechnical parameters, as presented in Table 1.  
Figure 1: Overall SPT results vs depth. Figure 2: Overall CPT results vs depth. 
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The depth to groundwater was assessed using 2’’ PVC piezometer standpipes installed in selected 
boreholes.  This indicated groundwater at a depth of 0,50m below existing ground level. 
 
3 Vibrocompaction 
This section describes the most relevant results and main considerations regarding the 
vibrocompaction works undertaken at the site. 
3.1 Assessment of Ground Improvement Areas 
Based on the large size of the terminal area (about 800,000 m2) it was necessary to define which 
zones required ground improvement, as any reduction in the area needing soil improvement would 
result in significate cost savings. In addition, it was also necessary to confirm if the soil characteristics 
in those zones would be compatible with the use of a vibrocompaction process to increase the soil 
relative density. To achieve this, a preliminary approach, based on the analysis of the grain size 
distribution curves available, was considered. A summary of the overall particle size distribution 
grouping is presented in Figure 3. 
Using the particle size distribution, together with the empirical results from previous projects using 
similar techniques, Mitchell (1982) and Degen (1997), suggest that materials should be classified as 
suitable for vibrocompaction if the fines content does not exceed 10%. This proposal appears to be 
confirmed by the classification previously proposed by Brown (1977), wherein an acceptability value 
(SN) is assessed according to the percentage of material passing ( D50; D20 and D10). Typical SN 
values, varying from 15 to 28, correspond to a classification of “Good” to “Regular”, thus, considered 
as adequate to be submitted to vibrocompaction.  
Following the preliminary assessment, a more thorough analysis using direct correlation with CPT 
results was adopted, aiming to determine the soil behavior type index (Robertson, 2010) and a 
suitability deep compaction assessment (Massarsch, 1991). 
Robertson (2010), asserts that soils with a soil behavior type index (Ic) varying between 1.31 <Ic 
<2.05 may be classified as “Sands – Clean sand to dense sand”. Considering what had been proposed 
before by Degen (1997) and also by Brown (1977), this was one of the acceptance criteria for soils 
deemed suitable for vibrocompaction, together with the evaluation of the suitability for the use of deep 
vibrators proposed by Massarsch (1991). A typical example of the soil index type behavior (Ic) 
classification is presented in Figure 4. 
A typical chart showing soil compactibility according to Massarsch (1991) is presented in Figure 
5. CPT data plotted on the chart shows that the site soils are generally suitable for vibrocompation. 
Results drawn from the compactibility analysis, based on the criteria described above, allow the 
definition of the zones where vibrocompaction should be performed, corresponding to an approximate 
area of 176,000m2 (Figure 6). 
 
Description Depth (m) J (kN/m3) c’ (kPa) I’ (°) Young Modulus Es (MPa) 
Fine Sand 
(medium to loose) 
0.0 19 - 32 18.4 
1.7 19 - 32 18.6 
12.0 20 - 35 34.0 
Clay 13.0 20 35 17 5.0 – 12.0 
Silty Sand 19.0 21 - 30 31.0 
Clay 24.0 20 35 17 17.0 
Table 1: Geotechnical parameters 
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3.2 Preliminary Field Tests 
With respect to the execution of the vibrocompaction works and the need to confirm its suitability, 
improvement factor, as well as to define the optimized vibrocompaction execution parameters, 
namely, the required grid spacing of the compaction probe, nine field tests were performed in different 
areas of the terminal. 
The vibrocompaction works used a Keller S340/30 electric vibroflot. 
Preliminary field tests FT1, FT2, FT3 and FT4, consisted of six different triangular treatment 
pattern grids with spacings of  3.30m, 3.50m, 3.70m, 3.90m, 4.10m and 4.30m. Overall, 58 
compaction probe tests comprising were undertaken. These extended to depths ranging from 12m to 
15m, depending on the depth of the upper clay layer. A typical field test layout is presented in Figure 
7.  
Figure 3: Overall distribution of particle size groups.       Figure 4: Typical soil type index classification. 
Figure 5: Typical result – soil compactability. Figure 6: Vibrocompaction assessment areas. 
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As the results from the first preliminary field tests were made available, for subsequent field tests 
FT5, FT6, FT7, FT8 and FT9, only three treatment grid spacings (3.30m, 3.50m; 3.90m) were tested.  
The cone penetration resistance (qc) results, obtained pre and post vibrocompaction (grid spacings 
of 3.30m, 3.50m and 3.90m) are presented in Figure 8. 
 
 
 
3.3 Relative Density Results  
Relative density of the soils was determined according to the Jamiolkowski et al. (2001) 
formulation. Using this formulation, relative density (ID) can be directly determined as a function of 
the cone penetration resistance (qc) and vertical effective stress. Typical relative density results, 
obtained for triangular treatment grid spacings of 3.30m, 3.50m and 3.90m, are presented in Figure 9.  
A global analysis of the obtained results showed that the 3.50m triangular grid spacing was the one 
that best achieved the required minimum relative density of 70%. This conclusion is based on the 
direct comparison of the relative density results achieved at all field tests undertaken at the site.  
 
 
  
Figure 7: Schematic test field plan. Figure 8: Typical cone resistance results. 
Figure 9: Relative density results before and after 
vibro (grids 3.30m, 3.50m and 3.70m). 
Figure 10: Relative density results 2 and 10 
days after vibro (grid 3.50m). 
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Figure 9 also shows that no significant differences in soil relative density occurred between grid 
spacings of 3.30m and 3.50m. However, a major difference is observed when comparing those results 
with the relative density achieved with the 3.70m grid spacing.  
Another conclusion from the analyses is the increase of relative density over time, after 
vibrocompaction had been completed. This is based on CPT’s performed two and ten days after 
vibrocompaction. The results obtained for the 3.50m grid spacing are presented in Figure 10. These 
show that relative density after vibrocompaction increases with time. Similar findings were previously 
suggested by Massarsch (1991) and Schmertmann (1991). 
 
3.4 Limitations on the Use of Vibrocompaction. 
At the location of field test number three, the ground conditions were characterized by dense 
sands, with CPT cone resistance values varying from 25 to 30MPa. Results of vibrocompaction using 
grids with spacings of 3.30m and 4.30m are presented in figures 11 and 12. The red dashed lines 
represent the cone resistance values obtained before vibrocompaction, whereas the blue and green 
solid lines represent the cone resistance values obtained two and ten days after vibrocompaction had 
been completed, respectively. 
 
   
    
The results show that in dense sands, vibrocompaction was not efficient to increase soil stiffness. 
In such dense materials (CPT cone resistance of 25 to 30 MPa), vibrocompaction may have damaged 
the initial soil structure and therefore the CPT cone resistance values after vibrocompaction decreased 
significantly. This harmful effect, observed on both 3.30m and 4.30m treatment grids, indicate that 
important damage in the soil structure occurs independently of the probe distance used.  
These results show, once again, that CPT cone resistance assessed ten days after vibrocompaction 
had been completed are higher than those obtained after two days, confirming that soil stiffness after 
vibrocompaction tends to increase with time. 
 
 
 
Figure 11: Pre and post CPT results – grid 3.30m. Figure 12: Pre and post CPT results – grid 4.30m 
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4 Assessment of Soil Contamination by Washed Clay  
As indicated above, the base of the granular soils (sands) was found at a depth of approximately 
14.50m and the upper clay layer was found to be just below this level. One of the concerns raised 
during the work related to the maximum depth that should be reached by the vibroflot, as there was the 
possibility that the disaggregation of the clay, caused by the high impact energy of the vibroflot water 
jet, might reduce the effectiveness of the ground treatment. In order to check if contamination of the 
upper sand layers by the washing in of clay had an impact on the vibrocompaction process, additional 
field tests were performed. As part of this work, the vibroflot was taken to a depth of 15.5m, thus 
penetrating 1.0m in the clay layer. The CPT results were then compared with those where the vibroflot 
did not reach the clay layer, stopping at a depth of 14.50m.  
Figures 13 and 14 present two of the CPT results obtained from the trials for grid spacings of 
3.50m and 3.70m, respectively. The red dashed lines represent the cone resistance values obtained for 
the case where the vibroflot penetrated the clay layer (at a depth of 15.5m), whereas the blue solid 
lines represent the cone resistance values obtained where the vibroflot did not reached the clay layer, 
stopping at a depth of 14.50m. These show that the cone resistance results corresponding to where the 
vibroflot penetrated the clay layer are, in general, lower than those obtained where the vibroflot did 
not reach the clay layer. 
 
  
  
 
5 The use of DPSH on Relative Density Assessment 
Problems with the CPT equipment during the works prevented its use for the required 
vibrocompaction quality control assessment. As there was an immediate need to proceed with the 
vibrocompaction works, an alternative method for relative density assessment was required. It was 
therefore elected to use Deep Probe Super Heavy (DPSH) equipment available on site. 
The use of DPSH for relative density assessment required a validation procedure. For this purpose, 
correlations between the CPT cone resistance (qc) and blow count (NDPSH) from the DPSH were 
undertaken.  
 
Figure 13: Cone resistance results after vibro at a 
depth of 14.5m and 15.5m (grid 3.50m). 
Figure 14: Cone resistance results after vibro at 
a depth of 14.5m and 15.5m (grid 3.70m). 
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Considering the potential effect of the particular soil conditions on the correlation, several DPSH 
tests were additionally performed in different zones of the terminal, near the location of the previous 
CPT. In total, twenty four CPT’s and six DPSH’s were used to determine a reliable correlation 
between test types. Using the results obtained and taking into consideration the variation of soil 
conditions with depth, it was possible to determine the following correlations between the CPT 
equivalent cone resistance (qceq) and number of blows (NDPSH) of the DPSH. 
 
Depth 0,0m to 2,0m: 
 
 
Depth 2,0m to 12,0m: 
                                     
 
Depth 12,0m to 14,0m: 
                                                                                                                                                        
 
 
The results of the correlations are presented in Figures 15 and 16. The blue solid line the initial 
cone resistance values, whereas the red dashed line represent the results derived from the use of the 
proposed correlation based on the DPSH results. 
Relative density results (before vibrocompaction) presented in Figure 16 were assessed using the 
Jamiolkowski et al. (2001) formulation.  
 
  
  
 
 
The results show that the proposed DPSH correlation provides a good approximation of results 
when compared directly with the results obtained from the CPT’s. 
 
 
 
 
 
 
 
Figure 13: Correlation qc (CPT) vs qceq (DPSH). Figure 14: Relative density after correlation qc 
(CPT) vs qceq (DPSH). 
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6 Conclusions 
Independent of the treatment grid spacing adopted, vibrocompaction clearly increased the relative 
density of the granular materials, typically corresponding to behaviour soil type index behaviour (Ic) of 
between 1.31 and 2.05.  Conversely, no evident improvement was found in soils with a behavior soil 
type index (Ic) higher than 2.05. 
The 3.50m triangular treatment grid spacing was found to best suit the required minimum relative 
density of 70% on this particular site.   
Based on the results of soil relative density testing two and ten days after vibrocompaction 
treatment, it was confirmed that the relative density tends to increase with time after vibrocompaction.  
In dense sands with CPT cone resistance values varying from 25 to 30MPa, vibrocompaction 
works were found to be harmful, as a decrease of soil initial stiffness was observed.  
Contamination may have occurred due to washed in clay material from the underlying clay layer, 
precluding the achievement of higher relative density results in the upper granular soil layers. Further 
investigation should be carried out in future works to check this aspect. 
DPSH testing was found to be a good instrument for vibrocompaction quality control, subject to on 
site calibration with CPT data. 
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